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Another issue is whether a mechaate, but that its activity is coordinated with events renistic connection between activity and proteolysis exquired for pre-mRNA processing, such as capping, ists for a native transcription factor. Finally, perhaps splicing, and polyadenylation (Maniatis and Reed, most importantly, is to identify the step in transcription 2002). To coordinate the diverse aspects of the tranthat is linked to activator destruction. Only when this scription process, a variety of strategies-many of which step is identified can the full significance of activator depend on posttranslational modification of transcripdestruction be understood. tion factors-have evolved. Perhaps one of the most To address these issues, we have studied turnover of interesting and least understood modifications used to the yeast activator Gal4. We find that there are two disregulate transcription is ubiquitylation (reviewed in Liptinct modes of Gal4 destruction by the Ub system: one ford and Deshaies, 2003; Muratani and Tansey, 2003) .
that is separate from transcription and restricts GAL Ubiquitin (Ub) is a highly conserved 76 amino-acid gene activation, and another that is tightly coupled to protein that is covalently linked to substrates via an entranscription and required for productive mRNA synthezymatic cascade, the last stage of which is mediated sis. The transcription-coupled destruction of Gal4 is associated with post-initiation changes in phosphorylation of the pol II carboxy-terminal domain (CTD) and *Correspondence: tansey@cshl.edu reasoned that we could use them-and their effects on Gal4 mobility in SDS-PAGE-as a way to identify pools Results of Gal4 that had interacted with the pol II machinery. We expressed HA epitope-tagged Gal4 from its own Gal4 is an inducible transcription factor that regulates the expression of genes required for galactose utilizapromoter and used Western blotting to visualize the Gal4 protein ( Figure 1A ). Consistent with previous retion. The inducibility of Gal4 allowed us to probe how a native transcription factor is regulated by the Ub sysports, the pattern of Gal4 isoforms varies with carbon source. In the presence of raffinose, two Gal4 species tem under conditions in which it is inactive (raffinose) versus active (galactose). Even under activating condiare detected, which have been named isoforms "a" and "b" (Sadowski et al., 1991 findings, we asked how mutations in components of tion by Gal4 results in the Srb10-and Kin28-mediated phosphorylation of the protein at residues S699 and the transcriptional machinery affect Gal4c levels. This analysis ( Figures 1A-1B) revealed that mutations which S837 ( Figure 1F ). We suggest that Gal4c corresponds to the pool of Gal4 that is either activating, or has actidiminish Gal4 function result in decreased levels of Gal4c: deletion of genes encoding mediator subunits Gal11, vated, transcription. Isoforms a and b, in contrast, correspond to either inactive Gal4 or Gal4 that is activating Med2, and Pdg1, as well as genes encoding factors required for efficient transcription elongation-Hpr1, in a functionally distinct manner from Gal4c. Paf1, and Rad6-produce a commensurate decrease in both Gal4c formation and Gal4 activity. Interestingly,
Two Modes of Gal4 Proteolysis
We next examined the stability of the various Gal4 isodeletion of genes encoding the TFIID-associated protein Bdf1 and the SAGA component Spt3 had little efforms under inactive versus active conditions. We have measured Gal4 stability using both pulse-chase and fect on Gal4 activity ( Figure 1B ), although they virtually eliminated isoform c formation. Taken with results of protein synthesis shutoff techniques with similar results (not shown). Here, we use the synthesis shutoff apprevious studies, these data suggest that phosphorylation events unique to isoform c occur as a conseproach, in which we measure decay of Gal4 following treatment of yeast with cyclohexamide. Analysis of quence of activation of transcription by Gal4 but are not themselves required for Gal4 activity.
Gal4 turnover reveals that, in the presence of raffinose (Figure 2A ), Gal4 isoforms a and b are unstable and Several sites of phosphorylation within Gal4 have been reported, the most notable of which are serine disappear with a half-life of w20 min. In the presence of galactose, in contrast ( Figure 2B , top panel), Gal4a 699 (S699), which is phosphorylated in vitro by Srb10 (Hirst et al., 1999), and serine 837 (S837), which is phosand Gal4b are relatively stable (see also Figure S2 ), whereas Gal4c is unstable and disappears with a halfphorylated by Kin28 (Hirst et al., 1999). To characterize whether these phosphorylation events occur in our syslife of less than 5 min. Thus two distinct modes of Gal4 proteolysis can be described. Under non-inducing contem, we raised polyclonal antibodies against phospho-S699 and phospho-S837 ( Figure S1 available with this ditions, the Gal4a/b pool is destroyed fairly rapidly. Under inducing conditions, however, this pool of Gal4 is article online). Immunoprecipitation reactions demonstrated that the phospho-S699 antibodies recognize stable, but the active pool (Gal4c) is turned over rapidly. isoform c ( Figure 1C , compare lanes 4 and 5), and that this recognition is inhibited by inclusion of the phosThe F Box Protein Grr1 Limits Gal4 Activity in Raffinose phorylated peptide used to generate the antibody (compare lanes 5 and 6). The phospho-S837 antibodTo determine the functional consequence of Gal4a/b turnover in raffinose, we wished to block the destrucies, in contrast, recognize isoform b in raffinose and isoforms b and c in galactose (not shown). Thus, altion of these species. Although we have not demonstrated that Gal4 is destroyed by Ub-mediated proteolthough S699 phosphorylation is specific to isoform c, both Srb10-and Kin28-mediated phosphorylation ysis, the overwhelming majority of transcription factors studied to date are destroyed by this pathway. Indeed, events are present within the Gal4c species. Consistent with this finding, deletion of Srb10 (Figure 1D To determine the functional consequence of Dsg1-of the largest subunit of pol II to the GAL1 promoter (UAS) was at least as high as observed in the wild-type mediated Gal4c destruction, we asked whether deletion of dsg1 alters Gal4 activity (Figures 3D-3E ). In concontrol strain. Unexpectedly, however, we also found that pol II efficiently associated with sites throughout trast to what we observed upon deletion of grr1, we found that deletion of dsg1 virtually eliminated prothe GAL1 open reading frame (ORF) in the absence of dsg1. The association of pol II with the 5# and 3# ends ductive activation of transcription by Gal4. Yeast deleted for Dsg1 are unable to use galactose as a carbon of the GAL1 ORF was galactose inducible, and, although there was approximately 2-fold less pol II at the source ( Figure 3D ), a classic phenotype for deficiencies in GAL gene activation. Moreover, in the absence of 3# end of GAL1 in Ddsg1 yeast, the signal for pol II at this region was still w40-fold higher than background Dsg1, activation of a GAL1-LacZ reporter gene is reduced to near background levels ( Figure 3E ). Interestlevels. Thus, despite the profound effects of deletion of dsg1 on galactose utilization and Gal4 activity, recruitingly, the requirement for Dsg1 in Gal4 activity seems to reside within the TAD of Gal4 because fusion of the ment and distribution of pol II across a Gal4 target gene occurs efficiently. Myc TAD to the Gal4 DNA binding domain (DBD) allowed activation of the GAL1-LacZ reporter indepenWe had assumed that the defect in GAL1-LacZ reporter activity observed in ⌬dsg1 cells ( Figure 3E ) results dent of Dsg1 status ( Figure 3F ). Finally, chromatin immunoprecipitation (ChIP) analysis ( Figures 3G-3H) from defects in gene transcription. The finding that pol II is associated with the GAL1 ORF, however, prompted showed that Dsg1 associates with the GAL1/10 locus and localizes to the UAS, where a cluster of Gal4 bindus to ask whether GAL gene transcription still occurs in the ⌬dsg1 strain. Analysis of RNA species correing sites are located. Thus Dsg1 associates with the same region of promoter DNA as Gal4.
sponding to the 3# ends of the GAL1-LacZ reporter ( Figure 5A ) or the GAL1 gene itself ( Figure 5B ) revealed Taken together, we interpret the above data to indicate that Dsg1 is a chromatin bound transcriptional cothat both genes are actively transcribed in the absence of Dsg1. Again, this effect is Gal4 TAD specific because activator for Gal4 and functions-at least in part-to activation by Gal4-Myc is insensitive to dsg1 deletion act to control utilization of poly(A) cleavage site selec- (Figures 5C-5D ). Our conclusion from these experition at the GAL1 gene. ments is that disruption of Dsg1 uncouples RNA and protein levels from Gal4 target genes. This conclusion is best illustrated by comparing RNA and protein samDsg1 Is Required for the Production of Functional ples prepared in parallel from wild-type and ⌬dsg1
Messenger therefore asked whether loss of Dsg1 alters the phosphorylation pattern of pol II at the GAL1 gene ( Figures  7A-7C) . We used ChIP, combined with phospho-specific antibodies against Ser5 and Ser2 of the CTD (Komarnitsky  et al., 2000) , to monitor distribution of phosphorylated pol II species across GAL1. In wild-type cells, robust Ser5 phosphorylation could be detected at the promoter, as well as the 5# and 3# ends of the GAL1 gene ( Figure 7B) . In ⌬dsg1 cells, however, Ser5 phosphorylation can be detected at the promoter but is dramatically reduced within the GAL1 ORF. Similar results were observed with the phospho-Ser2 antibody; deletion of Dsg1 virtually eliminated detectable Ser2 phosphorylation across the GAL1 ( Figure 7C ) and GAL10 and GAL7 genes ( Figure S5 ). To probe whether this reduction in Ser5 or Ser2 phosphorylation was reflected in a global reduction in the level of these modifications, we performed Western blotting using the phospho-specific CTD antibodies ( Figure 7D ). This analysis showed that levels of both Ser2-and Ser5-phosphorylated CTD were reduced in the absence of Dsg1 (compare lanes 2 and 4). For Ser5 phosphorylation, this defect is accounted for entirely by the lack of a productive GAL gene response because the effect of deleting Dsg1 is matched by the effect of removing the Gal4 activator (compare lanes 1 and 4). For Ser2 phosphorylation, however, loss of Dsg1 is more detrimental than loss of Gal4 (compare lanes 1 and 3), and it is possible that the reduction in Ser2 phosphorylation observed in ChIP is the result of a general reduction in the levels of this modification. Although we cannot draw any conclusions about the specificity with which Ser2 phosphorylation is lost, we note that the Ser5 defect alone is sufficient to explain the nonfunctionality of GAL1 transcripts in Ddsg1 cells because cotranscriptional mRNA capping is required for translation (Gingras et al., 1999).
To ask whether other genes targets might be affected by deletion of Dsg1, we examined polymerase density across the ADH1 gene ( Figure 7E ). This analysis showed that deletion of Dsg1 resulted in a decrease in the total levels of pol II associated with the ADH1 coding sequence (top panel); pol II density at the 5# end of the coding sequence was reduced by 2-fold upon ⌬dsg1 yeast ( Figure 3A) suggests that Kin28 and Srb10 is consistent with the finding that ORF-associated Ser5 phosphorylation is deficient in dsg1-null cells. functionally interact with Gal4 in these cells (because both Kin28 and Srb10 are required for Gal4c formation Finally, we asked whether an event that depends on Ser5 phosphorylation is also dependent on Dsg1. For [ Figure 1] ). In wild-type yeast, Bur1 associates mostly with the 5# and 3# ends of the GAL1 ORF, indicating this purpose, we measured recruitment of the capping enzyme component Cet1 (Figure 7F ), which associates a predominant role in nonpromoter-associated Ser5 phosphorylation. In dsg1-null yeast, rapid Dsg1-mediated turnover of Gal4c, and the possilearn more about how Ub controls the activity of a nability that active Gal4 is destroyed with each cycle of tive transcription factor, we have studied Gal4. We find productive transcription, it is likely that this stabilization that Gal4 stability is regulated by two distinct mechais important for maintaining appropriate levels of Gal4 nisms with distinct consequences for transcription.
at target gene promoters. Destruction of Gal4 via Grr1 acts to limit Gal4 accumuOnce Gal4 is engaged in activation, its ubiquitylation lation and prevent ectopic GAL gene activation. Deand destruction are under the control of Dsg1. This struction of Gal4 via Dsg1, in contrast, is important for conclusion is supported by the effects of Dsg1 deletion productive GAL gene activation. Surprisingly, the step on Gal4 ubiquitylation and Gal4c stability and by the in Gal4-mediated activation that is dependent on Dsg1 finding that Dsg1 associates with the UAS regulatory is not transcription per se, but appropriate RNA pol II region of the GAL1/10 locus. The actions of Dsg1, in phosphorylation events that coordinate transcription contrast to Grr1, are clearly stimulatory because Gal4 with pre-messenger RNA processing.
is unable to productively activate transcription in ⌬dsg1 cells. Indeed, as discussed below, Dsg1 functions as Phosphorylation of Gal4 by RNA an essential "coactivator" for the Gal4 protein.
pol II-Associated Kinases
Previously, a unified model for how transcriptional Previous work from a number of laboratories has demactivators are regulated by ubiquitylation has been diffionstrated that Gal4 is phosphorylated as a consecult to propose. In some cases, such as p53 (Haupt et quence of activating transcription. Our findings confirm al., 1997), it is clear that ubiquitylation leads to proteolthese observations and suggest that phosphorylation ysis and inhibition of activator function. In other cases, of Gal4, at least at residue S699, is used as a cellular however, ubiquitylation leads to proteolysis and enmechanism to "mark" pools of Gal4 that have stimhanced activator function (Salghetti et al., 2001 ). Our ulated transcription. A similar situation has previously finding that Gal4 stability is regulated by at least two been reported for GCN4 (Chi et al., 2001 ), suggesting distinct F box proteins, with two distinct consequences that phosphorylation by basal factor kinases may be a for transcription, provides a way to reconcile these obgeneral bookkeeping mechanism to signal the history servations. We propose that other transcription factors of transcriptional activators. For GCN4, Srb10-medimay have more than one mode of regulation by the Ub ated phosphorylation clearly leads to recognition by the proteasome system: one that is independent of tran-F box protein Cdc4 and Ub-mediated GCN4 destrucscription and limits factor activity, and another that is tion (Chi et al., 2001) , and it is possible that a similar coupled to transcription and performs an essential proscenario applies for Gal4c and Dsg1. We should note cess in gene activation. In this scenario, although the that although we cannot formally exclude the postranscription-independent pathway of proteolysis could sibility that Gal4c is dephosphorylated in a Dsg1-be regulated by environmental factors, the transcripdependent manner, we think this unlikely because of tion-coupled mechanism would be inevitably linked to the observation that declining levels of Gal4c are not activity. With Gal4 this predicts that Dsg1-dependent accompanied by an increase in the levels of Gal4a/b ubiquitylation and proteolysis are not sugar linked but (Figures 2B and 3B ) and because Dsg1 is an F box prooccur whenever Gal4 is active, such as in raffinose contein that is required for Gal4 ubiquitylation ( Figure 3C cessed, nonfunctional RNAs. In support of this model, we note that mutations in the ISW1 ATPase, which is
